A cold-gas test campaign was conducted on a subscale dual-bell nozzle operating under sea-level conditions to study the unsteady flow conditions encountered during sneak transition, which is a phenomenon prevalent just before final transition occurs. The study reveals that the flow during sneak transition is highly unsteady and is the major source of side-load generation in the dual-bell nozzle preceding the final transition. Statistical analysis suggests that, as the separation front moves into the region of wall inflection, the separated shear layer gradually comes in close proximity to the nozzle extension wall that alters the flow development process in the recirculation/backflow region considerably. This sets the entire backflow region into pressure fluctuations, making the flow conditions highly unsteady. It is further observed that the flow during sneak transition is associated with low frequencies in the vicinity of the separation location (0.8 kHz), which decreases as the sneak transition nozzle pressure ratio is approached (0.2 kHz).
A cold-gas test campaign was conducted on a subscale dual-bell nozzle operating under sea-level conditions to study the unsteady flow conditions encountered during sneak transition, which is a phenomenon prevalent just before final transition occurs. The study reveals that the flow during sneak transition is highly unsteady and is the major source of side-load generation in the dual-bell nozzle preceding the final transition. Statistical analysis suggests that, as the separation front moves into the region of wall inflection, the separated shear layer gradually comes in close proximity to the nozzle extension wall that alters the flow development process in the recirculation/backflow region considerably. This sets the entire backflow region into pressure fluctuations, making the flow conditions highly unsteady. It is further observed that the flow during sneak transition is associated with low frequencies in the vicinity of the separation location (0.8 kHz), which decreases as the sneak transition nozzle pressure ratio is approached (0.2 kHz).
Nomenclature α e = wall angle at nozzle exit, deg _ m = mass flow rate of test gas, kg∕s P a = ambient pressure, bar P w = local wall pressure, bar P 0 = stagnation pressure of the test nozzle, bar r t = radius of nozzle throat, mm X = coordinate along the nozzle axis, mm α i = wall angle at the inflection point, deg α P = skewness coefficient;
1 n P n i0 P w i − P w 3 ∕σ 3 w β P = kurtosis coefficient;
1 n P n i0 P w i − P w 4 ∕σ 4 w ∈ = area ratio of the dual-bell nozzle ∈ b = area ratio of the base nozzle ∈ s = area ratio of the location of flow separation σ w = standard deviation of wall pressure fluctuations; P n i0 P w i −P w 2 n−1 r σ w ∕P w max = nondimensionalized peak value of standard deviation in the region of separation φ = angle in circumferential direction, dege I. Introduction T HE dual-bell (DB) nozzle concept as an altitude compensating nozzle was first proposed by Foster and Cowles in 1949 [1] . This concept is realized by using two shortened nozzles combined into one, with a bump or inflection point between them, as shown in Fig. 1 . Its inherent design gives the DB nozzle its unique one-step altitude adaptive capability [2] [3] [4] . The nozzle during ascent operates first at the lower area ratio, with controlled and symmetrical separation occurring at the inflection point (Fig. 1a) . Since the nozzle uses a smaller effective area ratio, this design gives higher thrust during sealevel operation compared to a high-area-ratio single-bell nozzle [2] . Thereafter, as the launcher ascends to higher altitudes and the ambient pressure reduces gradually, the separation front begins to move or "sneak" gradually into the region of wall inflection (Fig. 1b) . This flow condition was first identified by Nasuti et al [5] as the sneak transition and occurs between the two modes of dual-bell operation [5] [6] [7] . At a certain altitude when the design transition nozzle pressure ratio (NPR; P 0 ∕P a ) is achieved, the separation front jumps downstream and attaches itself close to the nozzle exit and a full forward transition is achieved (Fig. 1c) . In this high-altitude operating mode, the flow uses the full geometrical area ratio of the nozzle, which helps to achieve higher vacuum performance [4] . Subscale tests performed at Rocketdyne [8] have shown that, despite additional losses associated with aspiration drag during low-altitude mode and nonoptimum contour in high-altitude mode, the DB nozzle still performs better than a single-bell nozzle of a similar area ratio.
Since the early 1990s, a lot of computational [5, 9] and experimental [6] [7] [10] [11] [12] [13] [14] [15] studies have been initiated to understand the various flow phenomenon associated with DB operation and looked for possible means to control them. The renewed interest in this nozzle research is primarily due to the fact that the DB nozzle is the most promising and feasible candidate for an altitude-compensating cryogenic main engine. This feasibility stems from its conventional bell shape and absence of any moving parts, which requires minimum changes in the existing launcher configurations [4] . Of the various areas of interest, the prime focus has been on DB transition studies, during which the flow experiences flow asymmetry and side-load generation [5, 6, 14] . A lot of useful studies have been conducted in the past and have added vital information in understanding the various factors on which the characteristics of DB transition depend on, such as the wall inflection angle, length, and contour of the nozzle extension; film cooling in the vicinity of the wall inflection; etc. [8, 9, 15] . However, none of these studies, other than that of Proshchanka et al. [16] , focuses on the unsteady flow physics prevalent specifically during the phase of sneak transition, which forms an important part of the flight condition between the two operational modes. Such flow unsteadiness can have a significant impact on the generation of side loads preceding the final transition [17] . These studies are important so as to look for a means to reduce or prevent such flow oscillations [18, 19] as the DB nozzle undergoes transition from one mode to another, which might also be influenced by small variations in chamber pressure due to combustion instabilities or ambient pressure fluctuations experienced during the buffeting phase of flight. For example, control of the transition NPR has also been demonstrated using secondary injection at the wall inflection location with the secondary mass flow ratio as the controlling parameter [18] .
The present study specifically aims to address the unsteady flow conditions during this important phase of DB operation. In this regard, a detailed statistical analysis has been conducted to understand the various flow conditions experienced during sneak transition, which occurs only during startup operation, and contribute significantly toward the overall rise in flow unsteadiness and the associated side-load generation. As a result, the majority of the data analysis has been conducted only for the startup operations, whereas the side-load subsection (Sec. III.B) includes both startup and shutdown sequences. The results are from a cold-gas test campaign conducted on a subscale DB nozzle operating under sea-level conditions. Streamwise wall pressure measurement data are acquired along the nozzle contour using fast piezoresistive pressure sensors, whereas a high-speed schlieren system was used to capture the changes in exhaust flow structure during the transition phase, especially during sneak transition, in response to varying nozzle operating conditions.
II. Experimental Setup and Procedures

A. Test Facility and Model
Tests were conducted in the subscale cold-flow test facility P6.2 in the DLR, German Aerospace Center, on a horizontal test rig under sea-level conditions. Dry gaseous nitrogen stored in high-pressure vessels under ambient temperature conditions was used as a test gas. Under present limitations of the pressure-regulating system, and with the nozzle blowing into atmospheric pressure, a maximum pressure ratio of up to 60 can be achieved. The test gas is fed into the settling chamber via a pressure-regulating valve, after which it passes through a bending tube section before it finally accelerates into the convergentdivergent section of the nozzle. The feeding pressure was regulated using a pressure-regulating valve, which has opening and closing response times of 0.33 and 0.46 s, respectively. The nozzle pressure ratio is primarily achieved by varying the nozzle feeding pressure P 0 (with the ambient pressure P a being measured continuously inside the test facility and close to the test ring). Figure 2a shows the dual-bell nozzle along with the bending tube mounted on the horizontal test facility. Figure 2b shows the location of pressure transducers on the test model, whereas Fig. 2c shows the important geometric parameters of the dual-bell nozzle used. As can be seen, four transducers are placed in each quadrant in the vicinity of the wall inflection region to capture the unsteady flow conditions during sneak transition. The throat diameter of the subscale dual-bell nozzle used for the experimental investigation was 20 mm, yielding maximum mass flows in the range of _ m 4.2 kg∕s. This dual bell is designed for transition and retransition NPRs of 49.5 and 38.4 bar, respectively. The contour of the dual-bell base nozzle was designed as a truncated ideal contour, whereas that of the nozzle extension was designed on the isobar, leaving the last point of the base nozzle using the method of characteristics featuring a constant pressure profile (CP) [5] .
B. Data Acquisition System
The data acquisition system used for the pressure measurements has the capacity of measuring 64 channels at 1 kHz and 16 at 50 kHz or 8 at 100 kHz. A low-pass filter cutoff frequency of 160 Hz is used for a 1 kHz acquisition and a frequency of 8 kHz is used for highfrequency acquisition, respectively. For real-time wall pressure measurements, fast piezoresistive pressure sensors (Kulite Semiconductor, Inc., transducers) are used (model XT-154-190M). Three such pressure sensors are placed in the base nozzle, whereas four are located in the vicinity of the nozzle wall inflection in each of the four quadrants to monitor the movement of separation front during transition (Fig. 2b) . Ten sensors are also placed along a single axial line in the nozzle extension. These transducers, with a pressuresensitive area of 0.4 mm 2 and an outer case area of 12 mm 2 , have a natural frequency of 50 kHz. The accuracy is within 0.5% in the operating pressure range of 0.1 MPa, with a sensitivity of typically 0.97 V∕MPa. The transducers are threaded into the nozzle wall. A small orifice (of 1 mm length and 0.5 mm diameter) connects the transducer to the flow. This configuration results in an estimated resonance frequency of 68.75 kHz. The wall pressure data for all the pressure transducer locations were acquired at 20 kHz.
A bending tube, made up of a thin-walled special aluminum alloy, is mounted upstream of the convergent nozzle section to look into the side-load activity involved during the flow transitions (Fig. 2a ). This design [20] resists the high nozzle feeding pressure, but it is still sensitive to lateral forces. The bending tube uses opposite pairs of two strain gauges in each quadrant (along the horizontal and vertical directions) that build a full Wheatstone bridge to measure the sideload signal in one of the two lateral directions [14, 17] . As a result, the signal from these strain gauges is proportional to the bending deformation along X-Y and X-Z directions. Due to the wiring, only bending strains are measured. All other strains, provoked by the inside pressure, the longitudinal nozzle force, and temperature effects, are compensated. The bending tube setup is calibrated by applying a constant force to the nozzle end and suddenly releasing it to acquire both the static and dynamic behaviors [17] . The first eigenfrequency of the bending tube calibrated under static tests was found to be 250 Hz. Therefore, the signal from the bending tube was low-pass filtered at 160 Hz. A Photron FASTCAM 1024 peripheral component, interconnecting high-speed camera was used to capture the schlieren images of the nozzle exhaust flow. These images were acquired at a rate of 2000 frames per second with a 1024 × 1024 picture resolution. This resulted in a time resolution of 0.5 μs between consecutive frames (and is conditioned by the camera frame rate setting). A continuous light source (Linos 50 W tungstenhalogen lamp) was used for schlieren visualization.
The experimental uncertainty of time-averaged surface-pressure measurements is of the order of 1%. However, in the intermittent region of separation that is associated with high levels of flow unsteadiness (typical standard deviation σ w of 2%), the average pressure uncertainty is likely to be somewhat greater. Each test was repeated twice, and the repeatability of the σ w values was found to be roughly within 0.02. Figure 3 shows the streamwise distribution of time-averaged wall pressure before and after forward transition during startup operation (δP 0 ∕δt > 0). The test procedure adopted was as follows. The feeding pressure was initially ramped up to a designated P 0 value at 3 bar∕s. Thereafter, for each of the NPRs tested, the feeding pressure was held constant for 12 s to facilitate a sufficient number of data points during the steady nozzle operation before going to the next NPR. In between each NPR, the feeding pressure was increased at 1 bar∕s. The data acquisition was done for the entire test duration at the sampling frequency. The wall pressure P w was nondimensionalized by the ambient pressure P a (measured continuously inside the test facility and close to the test ring), and the nozzle axial distance X was nondimensionalized by the nozzle throat radius, r t .
III. Results and Discussions
A. Streamwise Mean and Fluctuating Wall Pressure Distributions
From these plots, two basic modes of operation are easily discernible: namely, a low-altitude operation with controlled separation at the inflection point, during which the P w ∕P a value in the major part of the backflow region or nozzle extension remains in the range of 0.90 to 0.95 (due to acceleration of ambient air caused by the entrainment effect of the separated mixing layer [7] ); and a highaltitude operation after transition with a constant P w ∕P a value in the nozzle extension. It may be noted that, in low-operation mode, as the overexpansion levels for the base nozzle decrease with an increase in the NPR of DB operation, another flow condition exists before the final transition occurs. During this operational phase, the separation location gradually begins to sneak or move into the region of wall inflection, as can be seen for NPRs of 47.4 and 49.2. When this happens, the flow in the backflow region indicates a much lower pressure adaptation in the nozzle extension that indicates a decrease in the radial size of recirculation region caused due to the accompanied close proximity of the separated shear layer to the nozzle wall. This flow condition has been identified as sneak transition [5] , in which the separation front has started to move into the region of wall inflection but is not yet pushed into the nozzle extension. An initial estimate shows that the sneak transition condition can persist for an approximate NPR range of 8% of the final transition NPR for this DB design. Although this forms only a small portion of flight operation, the unsteady nature of the flow during this condition, as will be discussed in the following sections, can have a significant impact on side-load generation preceding the final transition. Figure 4 shows the schlieren images of the exhaust flow for the corresponding flow conditions shown in Fig. 3 . The schlieren image in Figs. 4a-4c before transition show a small Mach disk near the centerline. This is because, when the separation shock reaches the base nozzle exit, any further increase in NPR reduces the degree of overexpansion. This process is accompanied with an associated decrease in shock strength as well as shock angle with respect to the nozzle axis, which pushes the Mach disk location downstream and results in a decrease in the lateral extent of the Mach disk. A careful inspection of the images also shows 1) a small decrease in the radial size of the recirculation region (ϵ − ϵ s ) with an increase in NPR, especially in going from Figs. 4b and 4c (discussed in the preceding paragraph); and 2) a gradual appearance of longitudinal streaks in the flow (Figs. 4b and 4c) . The latter has earlier been reported [20] to be due to the small density gradients created locally by the spanwise rippling motion of the separation shock. These streaks continue further downstream due to the corresponding reflected shocks from the triple point reflecting as expansion fans from the separated shear layer. The appearance of this pattern clearly indicates the downstream movement of the separation shock into the region of wall inflection but not in nozzle extension (as apparent from the small lateral extent VERMA, HADJADJ, AND HAIDN of the streaks that are associated with the Mach disk structure; Fig. 4d ). Figure 5 , on the other hand, shows a series of schlieren images during the DB transition process. It is seen that the Mach disk is asymmetric (which also switches its alignment) during a certain sequence of events (2 to 5) that indicates that the separation shock front is not symmetric during the transition process. Since it is known that a significant pressure rise occurs across a shock, any asymmetry along with associated flow unsteadiness can contribute considerably toward generation of side loads during sneak transition. Figure 6a shows the streamwise distribution of the standard deviation or σ w ∕p w value for the cases discussed in Fig. 3 . Here, the case of NPR 50.5 is not presented, as it corresponds to DB condition posttransition and is therefore not of relevance to the present discussion. The pressure port locations at X∕r t 6.0 (φ 15 deg) and 6.07 (φ 90 deg) are positioned just before and at the wall inflection location in the first quadrant, as shown in Fig. 2 , whereas the pressure ports at X∕r t 6.11 (φ 180 deg) and 6.33 (φ 270 deg) are located immediately downstream of the wall inflection location to capture the unsteady character of the shock front as it gradually sneaks into this region.
Due to controlled separation in the vicinity of the wall inflection, a peak in the σ w ∕p w value defined as σ w ∕p w max is observed at location X∕r t 6.11 for all three cases. Initially, for NPR 45.7, before the separation front begins to move into the region of wall inflection, the σ w ∕p w max value is small, after which the σ w ∕p w value remains more or less similar in the recirculation region. However, as the separation point gradually begins to sneak into the region of wall inflection (NPR 47.4), the σ w ∕p w values downstream of X∕r t 6.07 location increase significantly up to the nozzle exit. The σ w ∕p w max value at X∕r t 6.11 shows a considerable rise in its value, after which it drops suddenly at X∕r t 6.33. Thereafter, the σ w ∕p w value decreases and, for X∕r t > 9.2, remains approximately constant (but higher than that seen at NPR 45.7). This condition is associated with a relatively lower pressure adaptation in the initial portion of nozzle extension (Fig. 3) . And, finally, just before transition occurs, the σ w ∕p w max at NPR 49.2 shows a significant rise in its value, but the σ w ∕p w values for X∕r t > 9.2 remain approximately similar to NPR 47.4. As is seen clearly, the major changes occur in the region between locations X∕r t 6.07 to 9.2 for NPRs between 47.4 and 49.2.
The corresponding streamwise distribution of higher-order moments α P and β P are plotted in Fig. 6b . Although α P or skewness indicates asymmetry in the wall pressure fluctuations measured about its mean pressure value [or a measure of the asymmetry of the probability density function (PDF)], β P or kurtosis on the other hand is the measure of flatness of the PDF [21] . This means that a signal with pressure fluctuations symmetric about its mean value shows a PDF with a Gaussian distribution and skewness and kurtosis of 0 and 3 [21] , respectively. Such pressure signals are experienced either in the incoming boundary layer or downstream of the location of physical separation/in the backflow region. However, in between these two flow regimes, where a majority of the interaction occurs, the wall pressure exhibits considerable asymmetry about the mean value, depending upon the transducer location in the interaction region. Earlier studies [21, 22] have shown that a positive α p indicates a peak shifted to the negative scale of the PDF and is due to the highpressure traces of the fluctuating separation shock imposed on the incoming boundary layer that is responsible for the rise in local σ w ∕p w value. On the other hand, a negative α p (peak shifted to a positive scale of the PDF) indicates dominance of wall pressures downstream of the shock with only small traces of upstream boundary layer or relatively lower σ w ∕p w values. Similarly, a kurtosis value greater than three indicates a PDF with a sharper peak and vice versa [22] .
Initially for NPR 45.7, a small negative α P value is seen at X∕r t 6.0, after which it quickly increases to zero at X∕r t 6. and remains near zero up to the nozzle exit. As the NPR increases to 47.4, α P shows a positive peak that is immediately followed by a negative α P value, which continues to decrease and reaches a minimum at X∕r t 6.8. Thereafter, the α P value increases gradually and reaches a zero value at X∕r t 9.2. And, finally, for NPR 49.2, a very large positive α P value followed by a negative α P value occurs, after which α P retains a negative value up to X∕r t 10.8. The kurtosis values for this NPR are also seen to be larger in this region (Fig. 6c ). These observations indicate that, as the separation front begins to sneak into the region of wall inflection, the α P value begins to retain a relatively large negative value over most of the backflow region (Fig. 6b) . Since a large negative α P indicates the presence of large-scale structures as in the shear-layer development downstream of the separation [23] , a decrease in α P to large negative values and an increase in the streamwise region of a negative α P value indicates the separated shear layer will gradually come in close proximity to the nozzle extension wall during sneak transition. Since these flow conditions are also associated with a significant rise in the σ w ∕P w value, the results indicate that, during sneak transition, the backflow region begins to undergo significant changes in flow development that increase the overall flow unsteadiness significantly.
Transient Conditions
The distribution of σ w ∕P w and α P values during the transient flow condition was also studied to look into the nature of the flow interaction. These conditions were chosen from rampup operations (∂P 0 ∕∂t 1 bar∕s), during which the change in P 0 experienced was small (1%) over 0.5 s. The NPR chosen was close to 49.2, which has shown the maximum flow development activity in Fig. 6 . As can be seen from Fig. 7a , the flow during transient conditions exhibits much higher flow unsteadiness levels compared to those during steady conditions. Further, the skewness and kurtosis distribution shows much larger α P and β P values that are spread over almost the entire backflow region of the nozzle extension (Figs. 7b-7c ).
C. Probability Density Function
Let us now look at the nature of real-time wall pressure signals in the vicinity of the wall inflection. Figures 8a and 8b show the pressure signals for the DB nozzle operating at NPRs of 45.7 and 49.2, respectively. A significant variation in the nature of the signals is apparent. When the DB nozzle is not in the sneak transition regime, the results show very good pressure adaptation to ambient pressure with the prevalence of mostly high-frequency fluctuations (Fig. 8a) . However, during sneak transition, the wall pressures begin to show X/r t VERMA, HADJADJ, AND HAIDN much lower pressure adaptation with the dominance of low*frequency pulsations. Also, clearly seen in Fig. 8b for X∕r t 6.33 up to 9.2 are the unusual drops in P w at some random time instants that reach values close to that of the undisturbed boundary layer. The residual effects of these random drops in P w at similar time instants are also seen in the pressure signals close to the nozzle exit. This unusual behavior signifies the tendency of the separated shear layer to randomly attach to the nozzle wall as it gradually comes in close proximity to it, as discussed in Sec. III.B.1, and it is responsible for the rise in overall flow unsteadiness and the subsequent side-load generation process preceding transition.
To gain insight into the nature of unsteady shock motion, the corresponding PDFs are constructed from the dynamic pressure data. The intermittent nature of the pressure signal is numerically captured by plotting the data in the nondimensional form as per the procedure suggested by Barnhart and Greber [21] as
; where ζ
In the present analysis, the PDF was determined by dividing ζ into 100 subintervals over the total range of −3 to 3. Figure 9 shows the PDFs of the corresponding dynamic pressure signal at various locations in the region of wall inflection and backflow regions. Initially at NPR 45.7, the PDF for the signal in the vicinity of the separation shows a bimodal character with two maxima (at −ζ and ζ), suggesting relatively higher probability of finding P w associated with the undisturbed boundary layer as compared to that downstream of the separation shock (Fig. 8a) . Downstream of the location of physical separation, the signal PDF regains a Gaussian distribution and continues to do so up to the nozzle exit (Fig. 8a) . At NPR 49.2, the pressure signals downstream of the separation and in the initial region of nozzle extension show PDFs with slightly offcenter maxima toward the right side and a small tail on left side. This occurs when the shock wave remains upstream of the transducer most of the time and the separated shear layer shows some tendency to reattach but does not. This behavior is clearly indicated in the real-time pressure signals shown in Fig. 8b , where at some random time instants, P w shows an unusual drop in its value. Further downstream and up to the nozzle exit, the PDF completely regains its effective Gaussian character as expected.
D. Power Spectra
Spectral analysis of the dynamic pressure signal was conducted to look into the temporal characteristics of the wall pressure fluctuations in the region of interaction during sneak transition. The normalized power spectral density function, Gf · f∕σ 2 P , is used to bring out the relative frequency content in the pressure signal [21] . Figure 10 shows the variation in the spectra of the wall pressure signals in the vicinity of the inflection point and in the backflow region during sneak transition. For NPR 45.7 near the separation location (Fig. 10a) , the spectra shows a fundamental frequency of 0.8 kHz with two harmonics (f 2 1.6 kHz and f 3 2.4 kHz). As we move gradually toward the wall inflection location (X∕r t 6.11), although the fundamental frequency remains the same, the harmonic f 2 disappears. Further downstream, the second harmonic f 3 also disappears with an accompanied reduction in magnitude of fluctuations between a 2 and 8 kHz range. As more distance is traversed into the nozzle extension (X∕r t 6.11), a significant reduction in the magnitude of the fundamental frequency is also seen with an accompanied increase in the magnitude of fluctuations in the 1-6 kHz range. And, finally, close to the nozzle exit, the spectra show a rise in the magnitude of fluctuations centered around 1.5 kHz.
On the other hand, the spectra for NPR 47.4 and NPR 49.2 show significant changes as compared to that for a NPR of 45.7. At a NPR of 47.4, the spectra show dominance of low-frequency content (0.5 kHz) typically seen for unsteady shock motion. Immediately downstream of the wall inflection, the spectra shows bimodal character with dominance of two frequencies: one shows unsteady shock motion (0.6 kHz), whereas the other is centered around 2.3 kHz. Further downstream and up to the nozzle exit, the wall pressure fluctuations show dominance of the low-frequency content of around 1 kHz. And, finally, at NPR 49.2, just before transition occurs and the flow experiences a significant rise in peak σ w ∕p w value, the wall pressure in the vicinity of the separation location shows very lowfrequency content (0.2 kHz), which gradually shifts to 0.4 kHz, and finally, in the nozzle extension, is centered around 2 kHz. The amplitude of the latter continues to increase as the nozzle exit is approached.
The spectral analysis therefore shows that the flow before sneak transition is associated with low frequencies in the vicinity of the separation location (0.8 kHz), which decreases as the sneak transition NPR is approached (0.2 kHz). In the nozzle extension, however, the flow is associated with higher frequencies, which increase as the DB nozzle approaches the transition NPR. This is primarily associated with the convective structures in the separated shear layer that set the backflow into fluctuations at its shedding frequency.
E. Side-Load Generation Figure 11 shows the time history of the strain gauge signal from the bending tube as the dual bell undergoes transition from low-altitude to high-altitude modes, and vice versa, during a single run. A rise in strain gauge signal is observed at a low NPR both during startup and shutdown operations. This is caused due to the transition of the boundary layer in the throat region from laminar to turbulent, which leads to partial flow reattachment [24] . As the NPR increases to 35 and the low-altitude mode is achieved, the shock front reaches the end of the base nozzle and separates in a controlled manner at the point of wall inflection. On further increasing the NPR, as the sneak transition regime (NPR > 45) is approached, the strain gauge signal begins to show a considerable rise in its magnitude, which increases continuously until final transition is achieved. The final transition shows the maximum rise in voltage signal and is caused due to the downstream jump of the separation front from the wall inflection location to the end of the nozzle extension [6, 7] . Further, the duration of forward transition is seen to be longer than that for retransition. It has been shown earlier [5, 7, 25, 26] that it is primarily due to the phenomena of sneak transition that occurs only during rampup operation. It has also been reported [25] that the quantification of these side loads during forward transition is dependent on certain parameters, such as the boundary-layer thickness at the end of base nozzle, the wall inflection angle, and the wall pressure gradient of the extension. However, once the high-altitude mode is achieved, the flow gets fully attached up to the end of the nozzle extension and the voltage signal from the strain gauges shows very low values. In comparison, during retransition, the rise in voltage signal from the strain gauge is seen to be much less. It would be very difficult to comment here on the reason for this, as the process of retransition is not very well understood to date [24] . Also, the focus of the present paper is on the flow unsteadiness experienced during sneak transition, which is absent during the dualbell retransition process. Furthermore, it may be pointed out that the peak in strain gauge signal observed during retransition is not of much importance to real-flight application [24] .
Figures 12a and 12b show the variation in the σ w ∕p w max value and the standard deviation of the strain gauge signal σ v in the two planes as a function of the NPR. It may be pointed out here that there is only one plot shown in Fig. 12a , since the Kulite pressure transducers are mounted in the streamwise direction in only one circumferential location (φ 0 deg). It can be seen that, when the dual bell begins to undergo the process of sneak transition, the wall pressure fluctuations in the region of separation begin to show a rise in σ w ∕p w max value (Fig. 12a) . This is accompanied with an increase in magnitude of the σ v value of the strain gauge signal, indicating that the unsteady flow conditions associated with sneak transition are responsible for generation of high side loads (Fig. 12b) . Further, the variation in the magnitude of σ v in the two planes indicates that the movement of the separation shock front, once it leaves the wall inflection point, is asymmetric, as was also observed in schlieren images shown in Fig. 4 . The aforementioned study therefore indicates that the flow during the process of sneak transition is highly unsteady and is responsible for the significant rise in the side-load signal preceding the final transition.
IV. Conclusions
An experimental investigation has been conducted to understand the various flow conditions experienced during sneak transition, which contribute significantly toward the overall rise in flow unsteadiness and the associated side-load generation. The results are from a cold-gas test campaign conducted on a subscale DB nozzle operating under sea-level conditions.
During sneak transition, the flow in the backflow region indicates a much lower pressure adaptation in the nozzle extension that indicates a decrease in the radial size of the recirculation region. The skewness, in the immediate vicinity of wall inflection, shows a large negative value that indicates the separated shear layer will gradually come in close proximity to the nozzle extension wall. These flow conditions are also seen to be associated with a significant rise in the local σ w ∕P w value. This indicates that, during sneak transition, the backflow region begins to undergo significant changes in flow development that increase the overall flow unsteadiness significantly. The study further shows that the rise in σ w ∕p w max during sneak transition is also accompanied with an increase in magnitude of the σ v value of the strain gauge signal, as well indicating that the unsteady flow conditions associated with sneak transition are responsible for the generation of high side loads. Further, the variation in the magnitude of σ v in the two planes shows that the movement of the separation shock front is asymmetric, as was also observed in schlieren images. Additionally, the flow during sneak transition is found to be associated with low frequencies in the vicinity of the separation location (0.8 kHz), which decreases as the sneak transition NPR is approached (0.2 kHz).
It may be emphasized here, that although the sneak transition condition is seen to persist for only an approximate NPR range of 8% of the final transition NPR for this DB design, the unsteady nature of the flow during this condition can have a significant impact on sideload generation preceding the final transition. 
